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The fragile nature of itinerant magnetism can be exploited using non-thermal parameters to study
quantum criticality. The recently discovered quantum critical point (QCP) in the Sc-doped (hole-
like doping) itinerant antiferromagnet TiAu (Ti1−xScxAu) raised questions about the effects of the
crystal and electronic structures on the overall magnetic behavior. In this study, doping with V
(electron-like doping) in Ti1−xVxAu introduces chemical disorder which suppresses antiferromag-
netic order from TN = 36 K for x = 0 down to 10 K for x = 0.15, whereupon a solubility limit is
reached. Signatures of non-Fermi-liquid behavior are observed in transport and specific heat mea-
surements similar to Ti1−xScxAu, even though Ti1−xVxAu is far from a QCP for the accessible
compositions x ≤ 0.15.
I. INTRODUCTION
The recently discovered itinerant antiferromagnetic
metal TiAu1 is only the third itinerant magnet (IM) with
no magnetic elements, after the two ferromagnets ZrZn2
2
and Sc3In
3,4 discovered several decades ago. The itiner-
ant antiferromagnet (IAFM) TiAu with a Ne´el temper-
ature TN = 36 K provides a new playground to perturb
the fragile magnetism with non-thermal tuning param-
eters such as doping5 and pressure6. Such studies af-
ford the tuning of long range magnetic order towards a
quantum critical point (QCP), i.e., a second order phase
transition at zero temperature driven by quantum fluc-
tuations, where non-Fermi-liquid (NFL) behaviors were
observed7–10.
The application of pressure p initially results in a small
increase of TN in TiAu, akin to what had been observed
in the itinerant ferromagnet Sc3In
3. Subsequent pres-
sure increase in TiAu suppresses TN to roughly 22 K
around p = 27 GPa, and a pressure-induced QCP has
been estimated to emerge at a critical pressure of p = 45
GPa6. Chemical doping can mimic positive or negative
pressure, depending on the relative size of the dopant
compared to the host atoms, introduce additional carri-
ers (charge doping), or induce disorder. This provides
more versatility than applied pressure alone in tuning
the magnetic ground state. Upon doping with Sc in
Ti1−xScxAu, TN was suppressed to a QCP around xc =
0.13 where NFL behavior was observed in temperature-
dependent electrical resistivity ρ(T ) and specific heat
Cp(T ) measurements
5. In this case, the disorder effects
were deemed minimal, as was chemical pressure, given
the similarity in the size of the Ti and Sc ions11,12.
In this study, we turn to doping with V in Ti1−xVxAu.
In addition, as in the Sc case, V is chosen to mini-
mize chemical pressure, given the metallic radius r[V]
= 1.34 A˚with respect to r[Ti] = 1.47 A˚11,12. In contrast
to the Sc doping, increasing disorder brought about by
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V doping is evident in both x-ray and resistivity data.
TN is suppressed down to ∼ 10 K with x = 0.15, where
the solubility limit of V in TiAu is reached. Signatures
of NFL behavior are observed in ρ(T ) and Cp(T ). Com-
parisons are drawn between doping with Sc and with V
in TiAu.
II. EXPERIMENTAL METHODS
Polycrystalline samples of Ti1−xVxAu were arc melted
in stoichiometric ratios of Ti (99.9% pieces, Alfa Aesar),
V (99.7% pieces, Alfa Aesar), and Au (99.999% splatter,
Materion) under an inert Ar atmosphere. The arc melted
button was remelted several times to ensure homogene-
ity, and mass losses were ≤ 0.3% for all samples. All data
are presented with the nominal doping concentration x.
The crystal structure was determined via x-ray powder
diffraction on the polished cross sections of arc melted
samples, as these samples could not be ground into a
powder due to extreme hardness1,13. The x-ray diffrac-
tion was performed on a custom 4-circle Huber diffrac-
tometer with graphite monochromator and analyzer in
a non-dispersive geometry, along with a Rigaku rotating
CuKα anode source.
The DC magnetic susceptibility was measured in a
Quantum Design (QD) Magnetic Property Measurement
System from 1.8 to 300 K in a field of µ0H = 0.01 T.
Four-probe electrical resistivity and specific heat mea-
surements were performed in a QD Physical Property
Measurement System with a 3He insert down to 0.35 K
in zero field. The resistivity was measured using an AC
excitation current ≤ 1.3 mA and with frequency multi-
ples of f = 17.77 Hz up to 604.18 Hz. The specific heat
using an adiabatic relaxation method of the sample was
determined via background subtraction of the Apiezon N
grease.
2III. RESULTS AND ANALYSIS
Figure 1 shows x-ray diffraction patterns of
Ti1−xVxAu with x = 0, 0.1, 0.15, and 0.20. Due to
the hardness of the samples, strong preferred orientation
in the surface enhances the intensities of some Bragg
reflections. From a structural point of view, doping with
V up to x = 0.15 in Ti1−xVxAu does not appear to
induce a significant amount of chemical pressure, with
a unit cell volume change of ∼ 1% (inset of Fig. 1),
roughly 2/3 of that induced by Sc doping in Ti1−xScxAu
for comparable x5. However, the increasingly broad
peaks as more V dopes into the orthorhombic Pmma
lattice of TiAu14,15 indicate a solubility limit above x
= 0.15. A qualitative change in the x-ray patterns is
apparent between x ≤ 0.15 (purple curve in Fig. 1)
and x = 0.20 (dashed line in Fig. 1), with most peaks
still present but much broader in the latter pattern.
A number of factors may be at play, such as internal
stress and strain due to the increasing amount of V, or
disorder induced by V doping. The situation was very
different in Ti1−xScxAu, where the diffraction peaks did
not appear to substantially change in width up to x
= 0.25 (see Supplementary Material of Ref. 5). These
structural changes with Sc and V doping point to a
greater amount of disorder in the latter which likely
dominates the physical properties as described below.
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FIG. 1. A subset of Ti1−xVxAu x-ray powder diffraction pat-
terns for 0 ≤ x ≤ 0.20. The calculated peak positions for
Pmma TiAu are marked by vertical lines (bottom). Inset
shows an evolution of the unit cell volume with increasing
doping concentration x up to the solubility limit at x = 0.15.
The magnetic susceptibility M/H of Ti1−xVxAu
shows an antiferromagnetic cusp being suppressed with
increasing x (inset of Fig. 2(a)). A tiny amount of sub-
stitution with x = 0.05 substantively suppresses TN by
∼ 30% (from 36 K in pure TiAu), and the cusp itself
broadens as the transition shifts to lower temperatures.
By x = 0.15, the cusp nearly vanishes in a large Pauli
susceptibility-like background. Antiferromagnetic order
is determined at a peak position in a d(MT )/dT plot
as shown in Fig. 2(b)16. The self-consistent renormal-
ization (SCR) theory for spin fluctuations17,18 describes
the Curie-Weiss-like temperature-dependence of the in-
verse magnetic susceptibility H/(M − M0) (Fig. 2(a)).
Analogous to the effective moment µeff for local moment
magnets, the paramagnetic moment µPM of the itinerant
system can be obtained from a linear fit of H/(M −M0)
for T > TN, shown as solid lines in Fig. 2(a). The value
of µPM decreases only slightly across the series, and the
Weiss-like temperature T ∗, analogous to the local mo-
ment Curie-Weiss temperature θW, appears to follow a
similar trend as TN. These values are summarized in the
T − x phase diagram below.
The suppression of antiferromagnetic order with V
doping is found to be drastically different from Sc dop-
ing in the IAFM TiAu. In Ti1−xScxAu, TN is continually
suppressed to 0 K at a critical concentration of xc = 0.13,
and the TN(x) dependence is consistent with the SCR
theory, reflecting the role of spin fluctuations19. By con-
trast, the antiferromagnetic order persists at x = 0.15
in Ti1−xVxAu, where TN ∼ 10 K. Both Sc and V dop-
ing in TiAu exhibit Curie-Weiss-like behavior. However,
µPM ∼ 0.8 µB f.u.
−1 for pure TiAu barely changes with
increasing Sc substitution, even upon approaching the
QCP at xc
5, while µPM decreases by ∼10% at x = 0.15
for the V-doped case. This suggests that, although Sc
and V generate the similar amount of chemical pressure
in TiAu, they play different roles for the suppression of
magnetic order.
In Ti1−xScxAu the proximity to a QCP was indi-
cated by an increasingly divergent specific heat Cp/T
at low temperatures5. Similar NFL behavior is found
in Ti1−xVxAu. Cp/T is nearly constant below 2 K for
x ≤ 0.10), while Cp/T begins to rise below 2 K for x =
0.12, and shows weak logarithmic divergence for nearly
a decade in temperature for x = 0.15 below T ≤ 3 K,
as shown in Fig. 3). Additionally, the electronic compo-
nent of the specific heat γ nearly doubles with x = 0.15
compared to that of pure TiAu and the value is compa-
rable to that determined in Ti1−xScxAu with xc = 0.12
5,
despite the absence of a QCP in Ti1−xVxAu.
With signatures of NFL behavior appearing in Cp(T )
at low temperatures, the electrical resistivity was also
investigated in Ti1−xVxAu to corroborate these find-
ings. Fitting of the low-temperature resistivity to ρ(T ) =
ρ0+AT
n, where ρ0 is the residual resistivity, determines
the strength of the temperature dependence n, as shown
in Fig. 4. Above TN, n ≈ 2 for pure TiAu, consistent with
a Fermi liquid picture. With introducing the V substi-
tution, n decreases to less than 1.5, a signature of NFL
behavior. This is illustrated by the linear fits (black lines)
of ρ vs. T n in Fig. 4. The electrical transport parame-
ters for the Ti1−xVxAu series are summarized in Table I
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FIG. 2. (a) The temperature-dependent inverse magnetic sus-
ceptibility of Ti1−xVxAu for 0 ≤ x ≤ 0.15. Curie-Weiss-like
fits for each concentration x are shown in solid gray lines.
Inset shows the antiferromagnetic cusps in the temperature-
dependent M/H around TN. Temperature independent con-
tribution M0 has been subtracted for all samples. (b) The
determination of TN from d(MT )/dT , with an example of a
peak fit shown in gray for x = 0.05.
along with data from Ref. 5 on the analogous Sc-doped
series. The residual resistivity ratio RRR = ρ(300K)/ρ0
for Ti1−xVxAu generally decrease with increasing x, pos-
sibly because of increasing disorder. This is also reflected
in the increasing residual resistivity values by one order
of the magnitude, from ρ0 = 7.2 µΩ cm for x = 0 to the
maximum of ∼77 µΩ cm for x = 0.12. The temperature
dependence of ρ(T ) is comparably weaker in Ti1−xVxAu
than in the case of Sc doping, i.e., smaller n values for
the former. The resistivity difference, ∆ρ = ρ−ρ0 in the
region where the relation ∆ρ ∼ T n holds, is much less
than ρ0, and the ratio of ∆ρ/ρ0 is smaller in the V doped
series than in the Sc doped one, though both series have
similar values of RRR5.
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FIG. 3. Plot of Cp/T vs. log T highlights the low-temperature
specific heat behavior of Ti1−xVxAu for 0 ≤ x ≤ 0.15.
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FIG. 4. The temperature-dependent electrical resistivity of
Ti1−xVxAu for concentrations x = 0.05, 0.10, 0.12 and 0.15
plotted as a function of Tn. The straight lines demonstrates
fits to the expression ρ(T ) = ρ0 + T
n in the paramagnetic
region T > TN, where TN is indicated by an arrow.
IV. DISCUSSION
The difference in metallic radii is larger between Ti
and Sc than between Ti and V, resulting in a larger unit
cell volume change in Ti1−xScxAu ∼ 2% for x up to 0.13,
compared to only ∼ 1% for comparable V doping. This
volume effect could, at least partially, explain why the
magnetism is suppressed faster with Sc than V doping.
4TABLE I. Parameters determined from electrical resistivity measurements and exponents extrapolated from fitting the data to
the function ρ(T ) = ρ0 + AT
n for Ti1−xMxAu where M = V in this study and M = Sc from Ref. 5.
x M = V M = Sc
RRR ρ0 (µΩcm) n (T > TN) RRR ρ0 (µΩcm) n (T > TN)
0.00a 6.1 7.2 1.78 6.1 7.2 1.78
0.05 2.5 32.59 1.47 1.7 15.23 1.88
0.10 2.0 45.69 1.36 2.1 29.65 1.76
0.12 1.8 76.70 1.27 2.0 36.92 1.23
0.15 1.7 57.94 1.39 1.8 43.63 1.24
a From Ref. 1
Electronic structure calculations revealed a large peak in
the density of states just above the Fermi surface EF in
pure TiAu20. From a rigid band perspective, Sc dop-
ing is treated as introducing hole carrier that shifts the
peak away from EF, while V doping is treated as electron
doping that shifts the peak to lower energy, crossing EF.
An asymmetric phase diagram was therefore predicted,
where electron (V) doping actually enhanced the ordered
moment slightly before suppressing the magnetic order,
albeit less effectively than electron (Sc) doping21. No
such enhancement was observed in Ti1−xVxAu, and on
the contrary the ordered moment is reduced as increasing
the V concentration, as shown in the inset of Fig. 2(a).
Such discrepancy between theory and experiment might
be explained by the fact that the amount of disorder in
Ti1−xVxAu is non-negligible, while the theoretical calcu-
lation by Goh et al. completely ignores disorder effect21.
In addition, the role of electron or hole doping is ambigu-
ous for intermetallic systems where the type of chemical
bonding is mainly metallic bonding.
Both the x-ray diffraction patterns and ρ(T ) measure-
ments demonstrate signs of disorder in Ti1−xVxAu, as
evidenced by increasingly broad diffraction peaks and
large ρ0 values. Also, ρ0 exceeds the change in resistivity
∆ρ in the region of ρ(T ) linear in T n, another indication
of strong disorder scattering. Finally, the Ti1−xVxAu se-
ries is terminated at the doping limit of x > 0.15, most
probably due to strong disorder that precludes phase for-
mation. But could this disorder be helping to suppress
the antiferromagnetic order? A classical critical point,
i.e., a phase transition at non-zero temperature driven
by thermal fluctuations, is stable against quenched dis-
order, while the QCP in an itinerant magnet is strongly
affected by the presence of disorder22. In the latter case,
theoretical investigations have shown that disorder can
smear a phase transition or even prevent the formation
of long range order22–24. When disorder is strong, spa-
tial fluctuations of disorder form rare regions devoid of
impurities, and these rare regions either develop a finite
region around the QCP called the Griffiths phase giving
rise to the power-law temperature dependence of thermal
dynamic observables (for example, Ni1−xVx
25), or form
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FIG. 5. The T − x phase diagram of Ti1−xVxAu for 0 ≤ x ≤
0.15. The evolution of the Weiss-like temperature T ∗, Ne´el
temperature TN, paramagnetic moment µPM , and tempera-
ture dependence of the resistivity n are tracked across the
sample series.
a locally ordered cluster spin glass state (for example,
Sr1−xCaxRuO3
26,27). These collective behaviors due to
strong disorder have so far only been observed in itiner-
ant ferromagnet systems with magnetic constituents, and
whether these behaviors also exist in the IAFM TiAu
without magnetic constituents is unknown. Our mag-
netic susceptibility and specific heat data in Ti1−xVxAu
do not show a continuous power-law scaling between
x = 0 − 0.15, an evidence of the Griffiths phase, and
5AC susceptibility measurements (not shown) do not show
frequency dependence up to 10,000 Hz. Therefore, how
the magnetic properties of V-doped TiAu manifest at
low temperatures might not be readily explained at this
stage, hinting at an attractive yet elusive intertwined
structure-property relationship that needs to be explored
further in this itinerant system. Different growth meth-
ods are indispensable to diminish the effects of strain,
disorder, and phase separation that could not be avoided
in the arc melted samples in current study.
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